Epidermal growth factor receptor (EGFR) and HER-2/ErbB2 are members of the Erb family of signaling receptors.
E
pidermal growth factor receptor (EGFR) and HER2/ErbB2 (also known as neu) are members of the Erb family of receptor tyrosine kinases (RTK). All members of this family, which include EGFR, HER2/ ErbB2, HER3/ErbB3, and HER4/ErbB4, are singlechain membrane proteins that have significant sequence homology to one another (Earp et al, 1995) . The RTK are formed by homodimerization or heterodimerization of the Erb family monomers (Heldin, 1995) . ErbB2 is an important signaling partner for the EGFR and it is expressed in several human cancers, including breast, ovarian, lung, gastric, and prostate (Afify et al, 1999; Nakajima et al, 1999; Polkowski et al, 1999; Ross and Fletcher, 1999; Schwartz et al, 1999; Slamon et al, 1989) . Amplification of the ErbB2 gene and/or overexpression of the ErbB2 protein has been found in 10% to 40% of human breast cancers. Patients whose tumor cells overexpress ErbB2 have a higher rate of relapse and shorter survival time compared with patients without ErbB2 overexpression. Overexpression of ErbB2 has also been correlated with lymph node metastasis in patients with breast cancer (Bitran et al, 1996; Lonn et al, 1995; Slamon et al, 1987 Slamon et al, , 1989 . Evidence from basic and clinical research studies suggest that ErbB2 is involved in initial transformation and in progression to metastasis (Lacroix et al, 1989; Tan et al, 1997) .
The Raf-1 serine/threonine kinase is a key regulator in many growth and developmental pathways. The regulation of Raf-1 is an intricate multistep process involving changes in Raf-1 subcellular localization and changes in protein-protein interactions in response to phosphorylation events (Marshall, 1994; Moelling et al, 1984; Morrison and Cutler, 1997) . Deletion analysis confirms that truncation of Raf-1, by removal of its N-terminus, generates a constitutive active protein that can transform normal cells (Heidecker et al, 1990; Stanton et al, 1989) . In fact, some mutants of Raf-1 have been shown to be viral oncogenes (Ikawa et al, 1988; Shimizu et al, 1985) .
Activated EGFR and ErbB2 can initiate the Ras cascade resulting in activation of MAP kinase (Cantley et al, 1991; Crews and Erikson, 1993; Graus-Porta et al, 1995; Janes et al, 1994) . Translocation of Raf-1 to the plasma membrane after EGF/EGFR binding is associated with the interaction of Raf-1 with Ras that controls Raf-1 phosphorylation (Satoh et al, 1992; Vojtek et al, 1993) . Once associated with the membrane, Raf-1 is activated and becomes available to phosphorylate MEK, the next kinase in the MAP kinase cascade. Raf-1 is thought to be involved in the complex that forms around activated EGFR in caveolae on the cell surface (Mineo et al, 1996) . Binding of EGF to EGFR rapidly induces clustering and internalization of the ligand-receptor complexes, ultimately resulting in lysosomal degradation of both EGF and its receptor (Carpenter, 1987) . Therefore, the endocytotic pathway provides a mechanism for the gradual attenuation of plasma membrane signaling complexes and could result in the down-regulation of Raf-1 signaling. However, it is not clear if Raf-1 is internalized with EGFR in endosomes after EGF binding. It is also not known if there is any difference in Raf-1 localization after interaction of EGF with EGFR or ErbB2. In this study we have used green fluorescence protein (GFP)-flagged Raf-1 (Raf-GFP) and cell fractionation to examine the translocation of Raf-1 and differential interactions with EGFR or ErbB2 in response EGF treatment.
Results

Translocation of Raf-1 to the Membrane and Endosomes in Response to EGF
BT20 breast cancer cells transiently transfected with pRaf-GFP were treated with EGF for 5 to 60 minutes to determine if Raf-1 was internalized with EGFR in endosomes (Fig. 1, A to F) . Binding of EGF to the EGFR rapidly induced EGFR clustering on the plasma. Raf-GFP was also recruited into clusters on the plasma membrane, which appeared to colocalize with aggre-
Figure 1.
Localization of Raf-1 and epidermal growth factor receptor (EGFR) by double fluorescence and subcellular fraction analysis. BT20 cells transfected with green fluorescence protein (GFP)-flagged Raf-1 (Raf-GFP) and treated with EGF for various durations were fixed by incubation in methanol. The cells were stained with goat polyclonal anti-EGFR antibody and detected by using an anti-goat IgG-rhodamine secondary antibody (left panels). Raf-1-GFP localization was detected by measuring the distribution of GFP fluorescence (right panels). Cells were treated with EGF for 0 minutes (A), 0.5 minutes (B), 5 minutes (C), 15 minutes (D), 30 minutes (E), and 60 minutes (F). BT-20 cells treated with EGF were subjected to subcellular fractionation and the plasma membrane (PM), endosomal (EN), and cytosolic (Cyt) fractions were normalized for protein and subjected to immunoblot analysis using the mouse monoclonal anti-Raf-1 antibody (G). Lanes 1, 4, 7, 10, 13, and 16 were fractions of PM, lanes 2, 5, 8, 11, 14, and 17 were fractions of EN, and lanes 3, 6, 9, 12, 15, and 18 were fractions of Cyt.
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gated EGFR after 5 minutes of EGF stimulation (Fig. 1C,  left versus right panel) . However, Raf-GFP dissociated from these clusters on the plasma membrane within 15 minutes of EGF stimulation (Fig. 1, D and E, left panels), whereas EGFR was internalized to endosomes and then translocated to the perinuclear area (Fig.1, D to F, right panels). Raf-1-GFP did not internalize with EGFR in the endosomes. Subcellular fractionation analysis of untransfected BT-20 cells also showed that native Raf-1 was localized in the plasma membrane fraction 5 to 15 minutes after EGF stimulation, but was not found in the plasma membrane fraction 30 or 60 minutes after EGF treatment. Raf-1 was also found in the endosome fraction 5 minutes after EGF stimulation (Fig. 1G) . This suggested that Raf-1 was associated with early endosome formation.
Raf-GFP is Retained on the Plasma Membrane Longer in SKBR3 than BT-20 Cells
BT-20 and SKBR3 breast cancer cells express different ratios of the EGFR and ErbB2 monomers (Fig. 2, G and H) . EGFR was highly expressed in both BT-20 and SKBR3 cells. ErbB2 was highly expressed in SKBR3 cells, but was expressed at low levels in BT-20 cells (Fig.  2H ). The translocation of Raf-GFP in BT-20 and SKBR3 cells after EGF treatment was compared by determining the localization of GFP-dependent fluorescence (Fig. 2 , A to F). Raf-GFP was recruited to clusters on the plasma membrane of both cell types that had a similar localization to aggregated EGFR 5 minutes after EGF treatment. In BT-20 cells, Raf-GFP was translocated to the cytosol 15 minutes after EGF treatment (Fig. 2D , left panel). In contrast, in SKBR3 cells, Raf-GFP remained localized on the plasma membrane for more than 60 minutes (Fig. 2 , C to F, right panels).
Subcellular fractionation of BT-20 and SKBR3 cells after EGF treatment was also used to analyze the localization of Raf-1 in the plasma membrane fraction (Fig. 2, I and J). A small amount of Raf-1 was present in the plasma membrane of untreated BT-20 and SKBR3 cells (EGF ϭ 0 minutes). The amount of Raf-1 present in the plasma membrane fraction of both BT-20 and SKBR3 cells increased dramatically after treatment with EGF for 0.5 minutes and 5 minutes. A larger amount of Raf-1 was found in the plasma membrane fraction of SKBR3 cells than in BT-20 cells immediately after EGF treatment. In BT-20 cells, the amount of Raf-1 in the plasma membrane fraction declined to control levels within 15 minutes after EGF treatment and was undetectable at 30 and 60 minutes after treatment. In SKBR3 cells, which express high levels of ErbB2, Raf-1 was retained in the plasma membrane fraction for 60 minutes.
Expression of Erb2 Delayed Dissociation of Raf-1 from the Plasma Membrane in Response to EGF
BT-20 cells expressed high levels of EGFR but expressed very low levels of ErbB2. To determine if ErbB2 was mechanistically involved in the retention of Raf-1 in the plasma membrane after EGF treatment, BT-20 cancer cells were transiently transfected with pcDNAErbB2 and Raf-1 localization examined. BT-20 cells transfected with pcDNAErbB2 expressed approximately three times as much ErbB2 protein as BT-20 cells transfected with the pcDNA control vector in immunoblot analysis using an anti-ErbB2 antibody (Fig. 3A) . Cells transfected with pcDNA or pcDNAErbB2 were treated with EGF for different durations and the amount of Raf-1 present in the plasma membrane fractions was determined. BT-20 cells transfected with pcDNAErbB2 and treated with EGF retained Raf-1 in the plasma membrane fraction for 60 minutes, whereas cells transfected with pcDNA downregulated the level of Raf-1 in the plasma membrane by 30 minutes after EGF treatment (Fig. 3, B to D) .
Expression of Erb2 Increased the Length of Signal from
Raf-1 to MAP Kinase EGF-dependent translocation of Raf-1 to the plasma membrane is required for interaction with Ras and for Raf-1 phosphorylation and activation of the MAP kinase pathway. Because increased levels of ErbB2 were associated with retention of Raf-1 in the plasma membrane after EGF treatment, the effects of ErbB2 on the kinetics of EGF-dependent Raf-1 and MAP kinase activation were determined. Activated Raf-1 and MAP kinase were detected in the total cell lysates by immunoblot analysis with an anti-phospho-Raf-1 antibody (Fig. 4A ) and an anti-phospho-p42/44-MAP kinase antibody (Fig. 4B) . In BT-20 cells transiently transfected with the pcDNA control vector and treated with EGF, Raf-1 phosphorylation was maximal at 15 minutes and was undetectable at 60 minutes after EGF treatment, and MAP kinase phosphorylation was maximal at 15 minutes and undetectable at 90 minutes. In contrast, BT-20 cells transiently transfected with pcDNAErbB2 showed prolonged activation of Raf-1 and MAP kinase. Phosphorylated Raf-1 and phosphorylated MAP kinase were present for at least 90 minutes after EGF treatment.
Discussion
The translocation of Raf-1 between the plasma membrane and cytosol after EGF stimulation of cells appears to be mechanistically important in endocytotic down-regulation of MAP kinase signal transduction. Raf-1 is recruited to plasma membrane caveolae and is involved in a complex that includes activated EGFR (Mineo et al, 1996) . Raf-1 becomes activated after EGF treatment and then becomes available to phosphorylate MEK, the next kinase in the MAP kinase cascade (Satoh et al, 1992; Vojtek et al, 1993) . Determining the kinetics of Raf-1 dissociation from the complexes formed by the EGFR homodimer or EGFR/ErbB2 heterodimer after EGF treatment should help define the downstream regulation of EGF-transduction signals.
In the current experiments we have used Raf-GFP to show that Raf-1 was recruited to the plasma membrane in proximity to aggregated EGFR 5 minutes after treatment with EGF. Subcellular fractionation analysis further revealed that endogenous Raf-1 localized to the plasma membrane fraction 5 to 15 minutes after EGF stimulation and then dissociated from the plasma membrane after 15 minutes. Raf-1 was also found in the early-stage endosomal fraction 5 minutes after stimulation. This suggests that Raf-1 is associated with early endosome formation and dissociates from endosomes soon after the stimulation with EGF and before EGFR endocytosis. Localization of Raf-1 in BT20 and SKBR3 cells using Raf-GFP fluorescence and subcellular fractionation analysis in response EGF. BT20 and SKBR3 cells were transiently transfected with pRaf-GFP, treated with EGF for 0 minutes (A), 0.5 minutes (B), 5 minutes (C), 15 minutes (D), 30 minutes (E), or 60 minutes (F) and fixed with methanol. Raf-1 localization was detected by the fluorescence of Raf-GFP. Total lysates of BT20 and SKBR3 were subjected to immunoblot analysis with polyclonal goat anti-EGFR (G) and after stripping, the blot was reprobed with polyclonal goat anti-ErbB2 (H). BT20 and SKBR3 cells were treated with EGF for 0 minutes, 0.5 minutes, 5 minutes, 15 minutes, 30 minutes, or 60 minutes and subjected to subcellular fractionation. Samples of PM fraction were subjected to immunoblot analysis with monoclonal mouse anti-Raf-1 antibody to detect the amount of Raf-1 in the PM fraction (I). The relative intensity of Raf-1 anchored on PM fractions in BT20 and SKBR3 cells responding EGF stimulation was assayed by densitometric analysis of autoradiographs. The density of Raf-1 staining at 0 minutes was set as 1 (J).
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EGF stimulates the formation of heterodimers between monomeric EGFR and monomeric ErbB2 (Goldman et al, 1990; Wada et al, 1990 ) and subsequent tyrosine phosphorylation of ErbB2 (Holmes et al, 1992; Karunagaran et al, 1996) . Both the EGFR and ErbB2 monomers are expressed in SKBR3 cells and therefore the EGFR/ErbB2 heterodimer was highly expressed in SKBR3 cells. In contrast, BT-20 cells expressed EGFR but very low levels of ErbB2 and therefore the EGFR homodimer was predominant in BT-20 cells as was previously shown (Wang et al, 1999) . To compare Raf-1 translocation in response to EGF stimulation, SKBR3 and BT-20 cells were transfected with Raf-GFP to trace the translocation of Raf-1. The results of these studies showed that the presence of EGFR/ErbB2 in the plasma membrane was associated with retention of Raf-1 at the plasma membrane and suggest that the impaired endocytosis of EGFR/ErbB2 was associated with impaired dissociation of Raf-1 from the plasma membrane. BT-20 cells transiently transfected with the ErbB2 gene also showed retention of Raf-1 in the plasma membrane after EGF treatment. This result supports the idea that ErbB2 delays the dissociation of Raf-1 from the plasma membrane. Translocation of Raf-1 to the cell membrane is required for Raf-1 activation (Dent et al, 1996; Leevers et al, 1994) . Activated Raf-1 can phosphorylate MEK, and MEK can in turn activate MAP kinase, which results in stimulation of cell growth (Lange-Carter et al, 1993) . The results of the current experiments showed that the presence of Raf-1 in the plasma membrane fraction correlated with the activation of Raf-1. Thus, those cells that expressed higher levels of ErbB2 and retained Raf-1 in the plasma membrane did not down-regulate Raf-1 activity, resulting in prolonged activation of Raf-1 after EGF stimulation. Further, the continued activation of Raf-1 was associated with an increase in the duration of MAP kinase activation after EGF treatment. Therefore, it appears that retention of Raf-1 in the plasma membrane promotes sustained activation of EGF-dependent activation of mitogenic signals and this difference is dependent on the signaling receptor for EGF.
EGFR is rapidly endocytosed in response to EGF stimulation (Carpenter, 1987) . Rapid internalization and lysosomal degradation results in immediate and sustained down-regulation of receptor activity (Sorkin and Waters, 1993) . Thus, receptor endocytosis provides a mechanism to shut off EGF-dependent signaling. However, ErbB2 overexpression decreases the rate of receptor endocytosis and EGF dissociation, resulting in a delay in receptor inactivation (Karunagaran et al, 1996; Lenferink et al, 1998) . Previous work also showed that EGFR endocytosis was inhibited in 87% of BT-20 cells microinjected with an ErbB2 expression plasmid, whereas EGFR endocytosis was inhibited in only 8% of the BT20 cells microinjected with LacZ control plasmid. This work suggested clearly that the endocytosis of EGFR is inhibited by the expression of ErbB2 in BT-20 cells (Wang et al, 1999) . Thus, ErbB2 expression may cause an increase in the duration of signal transduction in response to EGF treatment. This idea is in agreement with our current results that showed ErbB2 had a tendency to maintain Raf-1 at the plasma membrane where it was anchored and activated. Breast cancer cell lines such as SKBR3, MDA-MB-453, and BT474, which express high levels of ErbB2 and the EGFR/ErbB2 heterodimer, show impairment in EGF-induced EGFR endocytosis (Wang et al, 1999) . In SKBR3 cells, ErbB2 is not degraded in response to EGF (King et al, 1988) and the continued presence of ErbB2 may provide a mechanism to increase the duration of Raf-1 signaling and promote malignant behavior.
Materials and Methods
Construction of Raf-GFP and ErbB2
The full-length Raf-1 (residues 1-648) fragment was generated by PCR amplification using pRaf-1 (Upstate Biotechnology, Lake Placid, New York) as template. The PCR product was then inserted into the pEGFP N-1 vector (Clontech, Palo Alto, California) upstream of sequences encoding the GFP (termed as pRaf-GFP). The ErbB2 (America Type Culture Collection Transient expression of ErbB2 in BT20 cells increases retention of Raf-1 in the plasma membrane. BT20 cells were transiently transfected with pcDNA control vector or pcDNAErbB2. Total lysates of the transfected BT20 cells were subjected to immunoblot analysis with polyclonal goat anti-ErbB2 (A, left), and then reprobed using polyclonal goat anti-EGFR (A, right). BT20 cells transfected with pcDNA (B) or pcDNAErbB2 (C) were treated with EFG and subjected to subcellular fractionation. The PM fractions were separated and subjected to immunoblot analysis with the monoclonal mouse anti-Raf-1 antibody. The relative intensity of Raf-1 anchored on PM fractions responding to EGF stimulation was assayed by densitometric analysis of autoradiographs. The density of Raf-1 staining at 0 minutes was set as 1 (D).
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[ATCC], Rockville, Maryland) cDNA was inserted into the pcDNA3.1 vector (termed pcDNAErbB2).
Cell Lines
BT20 and SKBR3 breast cancer cell lines (ATCC) were maintained in Dulbecco's modified essential medium (DMEM; Canadian Life Technologies, Burlington, Ontario) supplemented with 10% FCS (Hyclone; PDI Biosciences, Aurora, Ontario) and 100 g/ml streptomycin and 100 U/ml penicillin (Canadian Life Technologies). Cells were transiently transfected with the indicated plasmid DNA using lipofectamine (Canadian Life Technologies) one day before being used in experiments.
Subcellular Fractionation
The isolation of plasma membrane (PM) and endosomal (EN) fractions was performed using a protocol modified from Di Guglielmo et al (1994) . Two 150 mm-diameter plates were used for each condition. Cells were grown to 80% confluence and starved by incubation in serum-free medium overnight. The cells were then treated with 100 ng/ml EGF (Upstate Biotechnology) for the indicated times at 37°C. Cell monolayers were harvested and homogenized in 2.0 ml of homogenization buffer (0.25 M sucrose, 20 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 4 mM NaF) containing protease inhibitors (Roche Diagnostics, Laval, Que- Immunoblot analysis of activated Raf-1 and activated MAP kinase in BT20 cells transfected by pcDNA or pcDNAErbB2. Total lysates of BT20 cells, transfected with pcDNA or pcDNAErbB2 were subjected to immunoblot analysis with the polyclonal rabbit anti-phospho-Raf-1 (A and B, left) and reblotted with the monoclonal mouse anti-actin antibody (A and B, right). The relative intensity of phosphorylated Raf-1 was determined by densitometric analysis of autoradiographs (C). Transfected BT-20 cells were also subjected to immunoblot analysis with the anti-phospho-p42/44 MAP kinase (D and E, left) and reblotted with the monoclonal mouse anti-MAP kinase antibody (D and E, right) . The relative intensity of phosphorylated MAP kinase was determined by densitometric analysis of autoradiographs (F).
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bec). The homogenates were centrifuged at 280 ϫg for 5 minutes to pellet cell debris and nuclei (P1). The first supernatant (S1) was centrifuged at 1,500 ϫg for 10 minutes to yield a second supernatant (S2) and a pellet (P2). The S2 fraction was centrifuged at 200,000 ϫg for 30 minutes to yield a supernatant corresponding to the cytosolic (Cyt) fraction. The pellet was resuspended in 1.15 M sucrose in homogenization buffer, overlaid with 1.0 M sucrose and 0.25 M sucrose cushions, and centrifuged at 200,000 ϫg for 60 minutes. The EN fraction was collected at the 0.25 to 1.00 M sucrose interface. P2 was resuspended in homogenization buffer and overlaid on a 1.42 M sucrose cushions and centrifuged at 82,000 ϫg for 30 minutes. The pellicle at the 0.25 to 1.42 M interface was collected, the sucrose concentration diluted to 0.39 M, and the suspension centrifuged at 1,500 ϫg for 15 minutes to obtain a pellet corresponding to the PM fraction.
Immunoblot Analysis
BT-20 cells and BT-20 cells transiently transfected with pcDNAErbB2 or pcDNA3.1 were harvested by scraping into RIPA lysis buffer. Cell lysates (30 g protein/lane) were subjected to immunoblot analysis to determine the levels of EGFR, ErbB2, phospho-MAP kinase, and phospho-Raf-1. The subcellular distribution of Raf-1 was determined by immunoblot analysis of subcellular fractions isolated from BT-20 cells or transiently transfected BT-20 cells. Subcellular fractions containing 20 g of protein were subjected to electrophoresis on 10% polyacrylamide gels containing SDS and electrophoretically transferred onto nitrocellulose membranes. The nitrocellulose membranes were blocked by incubation in 3% BSA in Tris-buffered saline containing 0.5% Tween-20 (TBST). The different membranes were then probed with polyclonal goat anti-ErbB2 (Santa Cruz Biotechnology, Santa Cruz, California), polyclonal goat anti-EGFR (Santa Cruz Biotechnology), monoclonal mouse anti-Raf-1 (Transduction Laboratories, Lexington, Kentucky), polyclonal rabbit anti-phospho-Tyr340/ 341Raf-1 (Biosource Inc., Montreal, Quebec), or polyclonal rabbit anti-phospho-p42/44 MAP kinase (New England Biolabs, Beverly, Massachusetts) in 0.5% BSA in TBST. The primary antibodies were detected by incubation in polyclonal goat anti-rabbit IgG coupled to HRP, polyclonal donkey anti-goat IgG coupled to HRP, or polyclonal goat anti-mouse IgG coupled to HRP (Santa Cruz Biotechnology). HRP was detected by chemiluminescence using the Supersignal reagent (Pierce Chemical, Rockford, Illinois) and detected with ECL X-Ray film (Amersham Pharmacia Biotech, Oakville, Ontario, Canada).
The nitrocellulose membranes were stripped by incubating in stripping buffer (1% SDS, 100 mM ␤-mercaptoethanol in TBS) for 30 minutes at room temperature and then washed in TBS at least six times. The nitrocellulose membrane was then used for reblotting with monoclonal mouse anti-Erk-1 (Transduction Laboratories), monoclonal mouse anti-actin (Santa Cruz Biotechnology), polyclonal goat antiErbB2, or polyclonal goat anti-EGFR.
Immunofluorescence Microscopy
Cells were grown on glass coverslips to subconfluence and serum-starved overnight. The cells were treated with EGF (100 ng/ml) for the indicated times, fixed by incubation in cold methanol for 5 minutes, and then washed with PBS. The cells were then permeabilized by incubation in 0.2% Triton X-100 in PBS for 10 minutes and blocked by incubation in 3% BSA in PBS for 30 minutes. The cells were incubated with polyclonal goat anti-EGFR antibody at room temperature for 1 hour. The coverslips were washed three times with PBS and then incubated with donkey anti-goat IgG conjugated with rhodamine. For detection of GFP-dependent fluorescence, the transiently transfected cells were fixed by incubation in cold methanol for 5 minutes and then washed with PBS. Samples were visualized under an oil immersion lens using a Zeiss Axiophot fluorescence microscope (Carl Zeiss, Gottinger, Germany) and digital images captured using Northern Eclipse computer software.
